A new acoustic grating fringe projector (AGFP) was developed for high-speed and highprecision 3D measurement. A new acoustic grating fringe projection theory is also proposed to describe the optical system. The AGFP instrument can adjust the spatial phase and period of fringes with unprecedented speed and accuracy. Using RF power PID control and CCD synchronous control, we obtain fringes with fine sinusoid characteristic and realize high-speed image data acquisition. Applying the device, we got precise phase map for 3-D profile. In addition, the AGFP can work in running fringe mode, which would be applied in other measurement field. OCIS codes: 150.6910, 230.1040, 120.0120 
Introduction
Structured-light active triangulation technique is a powerful three-dimensional metrology tool.
Based on projecting periodic fringes onto the surface of the object at one location and viewing with one or two cameras at other locations, the surface of object can be mapped with phase data, applying the phase-mapping technique. After correlated phase information was obtained, the 3-D profile would be reconstructed.
However, the phase-mapping would become a difficult task if the object surface is of complex geometric shape or topology. The difficulty can be overcome by projecting several fringes in different periods. [1] [2] The wide fringes are able to cover the slope, hole or breakout on the object's surface but with low precision in the phase-mapping compute. The narrow fringes have higher precision but lower acceptance level. Our method integrates the advantages of wide and narrow fringes, and is able to obtain correct and precise phase data.
Lots of efforts have been made in fringe projecting apparatus to implement the phasemapping algorithm. [3] [4] [5] [6] [7] [8] For instance, a so-called acoustic-optic fringe interferometry (AO-AFI) has been developed for 3D measurement in MIT Lincoln Laboratory. 3 However, the theory of the AO-AFI mentioned in their paper could not correctly explain the acoustic-optic fringe phenomenon. In this paper, we propose an acoustic grating fringe projection theory to describe the optical system more clearly and reliably. Based on the theory, we optimized the acoustic grating fringe projector (AGFP) and obtained fringes with fine sinusoid characteristic and highintensity fringe light. What is more, new control method and new drive mode are also proposed.
AGFP System
An acousto-optic cell utilizes the Bragg diffraction effect of the laser beam incident on a volume grating. When an ultrasonic wave propagates through the crystal material, different regions of expansion and compression are created in the Bragg cell, causing changes in crystal density. As a result, the index of refraction is periodically modulated, and the medium becomes approximately equivalent to a moving grating. Figure 1 shows the AGFP prototype schematically, which consists of an acousto-optic deflector (AOD), an optical system, a Radio Frequency (RF) driver based on DDS and a control center based on FPGA. The details of optics and electronics parts are described as follows. 
A. Optics Part

A. Fringe Form
How does the acoustic beat frequency grating act on the input laser and form the optical fringes?
We can apply acousto-optic diffraction efficiency to explain it. The acousto-optic diffraction efficiency is given by Eq. (1) and Eq. (2), 9 which is on the condition of exact Bragg momentum matching.
Where P a is the acoustic power, L and H are the path length and width of the transducer, M 2 is an AO figure of merit depending only on AO material parameters, ρ is the density of the AO material, V is the acoustic velocity and S is the strain in the AO material.
To describe the equation of motion we must first relate the stress T and strain S. For small acoustic amplitudes, this relationship is linear and is described by Hooke's law, which in tensor notation can be written as T ij = c ijkl S kl , where a repeated index implies a summation over the index and where c ijkl are the elastic stiffness constants. 10 The piezoelectric layer of the transducer in AOD is able to convert electronic energy to acoustic mechanism energy and press the AO crystal. The electric field amplitude E and the acoustic strain amplitude S are approximately linearly related. So the P a can be described as follows:
By substituting Eq. (3) into Eq. (1), the diffraction efficiency can be written as following:
The expression of mixing f m and f c (f m < f c ) can be described by
The waveform of mixed electronic signal is illuminated in Figure 3 , from which we can see the beat frequency signal with a frequency of 2f m . Fig. 3 . The beating wave in AO crystal calculated by Eq. (5) According to Eq. (3), the form of acoustic power P a is shown in Figure 4 , which is also with the frequency of 2f m . 
It indicates that the intensity of diffraction light and the P a are directly proportional. In structured-light 3D measuring process, the sinusoid characteristic of fringes is an important issue, which determines the precision of the phase-mapping. As is shown in Figure 6 , fine sinusoid characteristic fringes can be obtained when we limit the RF power to less than 50% of the AO diffraction efficiency.
B. Period Control
When considering the optical fringes as the projected images of acoustic phase grating (APG), we can control the fringe spacing by adjusting the period of APG. As is shown in Figure 7 , acoustic phase gratings are illuminated by the modulated laser. When modulation frequency (f m ) doubled, the fringe period is half smaller. The f m can change from DC to 30MHz, which is limited by the bandwidth of AOD. 
C. Phase Control
The traveling amplitude-modulated ultrasonic wave in the AOD is illuminated by a TTL 
D. The Running Fringe Mode
If we program the two output signals of DDS at different frequencies of f m and 2f m +Δ f, running fringe phenomenon appears. In running fringe mode, the phase of traveling ultrasonic wave is not locked by the modulated laser, but with a slight offset Δ f, as is shown in Figure 9 . And as the Δ f becomes larger the fringe running speed increases. So a desired running speed is gained through setting the frequency tuning word of DDS. The continuous running fringes can be used in some special application in 3D measurement. 
Experiment Results
In order to test the AGFP system as a whole, a computer mouse was used as a target to be measured. A number of fringes were projected onto the surface of the mouse. Figure 10 shows the photographs of the prototype projector and the signals on oscilloscope screen. Figure 11 shows the raw data of fringe patterns. The phase map of the target is shown in Figure 12 , which is implemented by computing fringe images of different periods and phases 3 . Fig. 12 . Unwrapped phase map of the target.
Conclusion
We developed an acoustic grating fringe projector, and proposed a new theory to explain its working process. It is completely solid-state, and its period and phase are electronically controlled without any mechanical moving part. The fringes can be changed in unprecedented speed, repeatability and accuracy. Therefore, the AGFP is a suitable structured-light projector for high-speed and high-precision 3D measurement. However, the projector has its own deficiencies, such as the uneven sound field spreading in the AO crystal and the weak light intensity. Now, we endeavor to research and design the next generation projector and imaging device with highintensity light and high speed data acquisition and processing system.
